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ABSTRACT
Context. BL Lac objects are an extreme type of active galactic nuclei (AGNs) that belong to the largest population of γ-ray sources:
blazars. This class of AGNs shows a double-bumped spectral energy distribution that is commonly described in terms of a synchrotron
self-Compton (SSC) emission process, whereas the low-energy component that dominates their emission between the infrared and
the X-ray band is tightly connected to the high-energy component that peaks in the γ-rays. Two strong connections that link radio and
mid-infrared emission of blazars to the emission in the γ-ray band are well established. They constitute the basis for associating γ-ray
sources with their low-energy counterparts.
Aims. We searched for a possible link between X-ray and γ-ray emissions for the subclass of BL Lacs using all archival Swift/XRT
observations combined with Fermi data for a selected sample of 351 sources.
Methods. Analyzing ∼2400 ks of Swift/XRT observations that were carried out until December 2018, we discovered that above
the γ-ray flux threshold Fγ ≈ 3 × 10−12 erg cm−2 s−1, 96% of all Fermi BL Lacs have an X-ray counterpart that is detected with
signal-to-noise ratio higher than 3.
Results. We did not find any correlation or clear trend between X-ray and γ-ray fluxes and/or spectral shapes, but we discovered a
correlation between the X-ray flux and the mid-infrared color. Finally, we discuss on a possible interpretation of our results in the
SSC framework.
Key words. (Galaxies:) BL Lacertae objects: general - X-rays: galaxies - Gamma rays: galaxies - Galaxies: active - Galaxies: jets
1. Introduction
Blazars are a peculiar class of active galactic nuclei (AGNs) that
is characterized by emission arising from a relativistic jet ori-
ented at small angles (e.g., less than a few degrees, Lister et al.
2013) with respect to the line of sight. This jet emission over-
whelms most of the radiation of their host galaxy (Blandford &
Rees 1978).
Blazar emission is detected at all frequencies. It extends
from radio (see, e.g., Jorstad et al. 2001; Ciaramella et al. 2004;
Ghirlanda et al. 2010; Lister et al. 2019) and even low radio fre-
quencies (see, e.g., Nori et al. 2014; Giroletti et al. 2016, for
recent observational campaigns), infrared (IR, see, e.g., Impey
& Neugebauer 1988; Stevens et al. 1994; Massaro et al. 2011a;
D’Abrusco et al. 2012) and optical (see, e.g., Carini et al. 1992;
Marchesini et al. 2016; Peña-Herazo et al. 2017a; Marchesini
et al. 2019a, for recent observational campaigns) to X-rays (see,
e.g., Singh & Garmire 1985; Giommi et al. 1990; Sambruna et al.
1996; Pian et al. 1998; Paggi et al. 2013; Landi et al. 2015). The
emission is also detected in the γ-ray band (see, e.g., Aharo-
nian et al. 2005; Albert et al. 2007; Giannios et al. 2009; Tavec-
chio et al. 2011; Wehrle et al. 1998; Ackermann et al. 2015) and
shows strong variability. It also has flaring states in which spec-
tral shape and/or luminosities change (see, e.g., Hartman et al.
2001; Romero et al. 2002; Böttcher et al. 2007; Pandey et al.
2017; Kaur et al. 2017; Bruni et al. 2018).
Blazars can be classified into two main categories: flat-
spectrum radio quasars, and BL Lac objects. Empirically, the
distinction between these two classes is based on emission fea-
tures in their optical spectra (Stickel et al. 1991). The first class
shows strong and broad emission lines that are typical of normal
quasars, while the spectra of the second class are almost feature-
less (i.e., emission lines with equivalent widths smaller than 5
Å). We here adopt the nomenclature established by Roma-BZCat
(Massaro et al. 2015a), where flat-spectrum radio quasars are la-
beled BZQs and BL Lac objects are BZBs.
Blazars are the dominant class of active galaxies in the γ-ray
sky (Hartman et al. 1999; Mattox & Ormes 2002; Massaro et al.
2015d). In particular, ∼56% of all associated and classified γ-ray
sources that have been detected by the Fermi Large Area Tele-
scope (Fermi-LAT) four-year Point Source Catalog (3FGL) be-
long to this class (Acero et al. 2015). In the past decade, follow-
up spectroscopic campaigns (see, e.g., Massaro et al. 2014; Ál-
varez Crespo et al. 2016a,c; Peña-Herazo et al. 2017b; March-
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esini et al. 2019b) confirmed that most of the sources that were
classified as "Blazar Candidates of Uncertain type" (BCUs), in-
troduced in the 3FGL catalog, are indeed blazars of BL Lac
type (Massaro et al. 2016; Álvarez Crespo et al. 2016b). The
same situation occurs in the preliminary version of the latest re-
lease of the Fermi catalog1 (Peña-Herazo et al. 2019). More-
over, follow-up campaigns of unassociated or unidentified γ-ray
sources (UGSs) have also shown that a large portion of them ap-
pear to be associated with blazars (Paggi et al. 2014; Massaro
et al. 2015c; Landoni et al. 2015; Ricci et al. 2015).
The spectral energy distribution (SED) of blazars shows two
components: the low-energy component peaks between infrared
and X-rays, and the high-energy component peaks between hard
X-rays and the γ-ray band. The low-energy component is at-
tributed to synchrotron emission arising from electrons that are
accelerated in the blazar jets, and the high-energy component
is due to the inverse Compton (IC) process (see, e.g., Ghisellini
et al. 1985; Maraschi et al. 1992; Massaro et al. 2006; Tramacere
et al. 2007; Finke et al. 2008; Paggi et al. 2009a; Tramacere et al.
2011, for recent analyses). For BZBs in particular, the two emis-
sion processes are strictly connected because seed photons for
the IC emission are emitted by electrons through synchrotron
radiation (i.e., the synchrotron self-Compton, or SSC, scenario).
Two different subclasses were originally defined for BZBs
to distinguish them on the basis of the ratio of their radio- to
X-ray flux (Maselli et al. 2010): low-energy peaked BL Lacs
(i.e., LBLs) and high-energy peaked BL Lacs (i.e., HBLs). This
ratio is defined as ΦXR = 10−3 FXS1.4∆ν , where FSX is the X-ray flux
from the ROSAT (short forRöntgensatellit) survey (Voges et al.
1999) in the 0.1 to 2 keV band, S1.4∆ν is the radio flux density
at 1.4 GHz multiplied by the band frequency width ∆ν. Thus,
values of ΦXR greater than 1 point toward an HBL classification,
while values lower than 1 indicate an LBL type of source. This
corresponds to the limit FXS1.4 = 1.0 × 10−11.
A strong link between γ-ray and radio emission in blazars,
known as the γ-to-radio connection (Stecker et al. 1993; Taylor
et al. 2007; Bloom 2008; Ghirlanda et al. 2011), was discovered
soon after the launch of the Energetic Gamma Ray Experiment
Telescope (EGRET) on board the Compton Gamma-ray satel-
lite (Fichtel et al. 1993). This link was later confirmed through
Fermi observations (Mahony et al. 2010; Ackermann et al. 2011;
Ghirlanda et al. 2011; Cutini et al. 2014; Lico et al. 2014).
Moreover, combining γ-ray and mid-infrared observations,
the latter collected with the Wide-field Infrared Survey Explorer
(WISE; Wright et al. 2010), a tight connection between their
emissions in these two bands has also been discovered (Mas-
saro et al. 2011a, 2012a; D’Abrusco et al. 2013; Massaro &
D’Abrusco 2016). In particular, the γ-ray – infrared connection
is strongly related not only to the blazar power, but also to their
spectral shapes in the two different energy ranges; this is ex-
pected given the theoretical interpretation of their SED.
These two connections strongly stimulated follow-up cam-
paigns to search for blazar-like counterparts of UGSs, for ex-
ample, in the radio band (Massaro et al. 2013a; Nori et al.
2014; Lico et al. 2014; Giroletti et al. 2016) and/or by apply-
ing statistical procedures to find them in the WISE catalogs
(D’Abrusco et al. 2013; Massaro et al. 2013b; D’Abrusco et al.
2014; D’Abrusco et al. 2019). On the other hand, X-ray follow-
up observations have also been carried out to search for blazar-
like counterparts of UGSs (e.g., Mirabal 2009; Kataoka et al.
2012; Stroh & Falcone 2013; Paggi et al. 2013; Masetti et al.
1 https://arxiv.org/abs/1902.10045
2013; Landi et al. 2015; Paiano et al. 2017), even if these coun-
terparts not supported by any firmly established observational
link or connection between the X-ray and γ-ray emission of
blazars.
Based on the SSC scenario that underlies the interpretation of
BL Lac SEDs, a link between X-ray and γ-ray emission could be
expected because emission of the low- and high-energy compo-
nents is related to the same particle distribution. This is the main
aim of the analysis presented here. We focus on BZBs, whose
γ-ray emission is probably not significantly contaminated by in-
verse Compton radiation of seed photons that arises from regions
outside the jet (Sikora et al. 2013).
We aim to determine the portion of γ-ray blazars that have an
X-ray counterpart with respect to their γ-ray flux, and whether
their γ-ray emission (i.e., flux and/or spectral shape) correlates
with the X-ray emission, as occurs in the radio and in the mid-
infrared bands. Our investigation will provide the necessary sci-
entific background to support and justify ongoing (Stroh & Fal-
cone 2013) and future X-ray follow-up campaigns of Fermi
UGSs. A detailed study of the general behavior of BZBs in the
X-ray band is crucial to improve the selection of BZB candidates
within a UGS sample. Our search for a connection between X-
rays and γ-rays is also supported by the fact that HBLs that are
detected at TeV energies (e.g., Piner & Edwards 2014, 2018) are
generally among the brightest X-ray sources in the extragalactic
sky and their X-ray emission is also linked to the mid-infrared
emission (Massaro et al. 2013e).
To carry out our investigation, we analyzed observations
from the X-ray Telescope (XRT) o board the Neil Gehrels Swift
Observatory, performed before mid-December 2018, of γ-ray
BZBs observed by Fermi. We made this choice because the
ROSAT survey is relatively shallow. Only ∼60% percent of
all known Fermi blazars are listed in the ROSAT survey cata-
log (Voges et al. 1999). Nevertheless, Swift performs an X-ray
follow-up campaign of Fermi UGSs2 (Falcone 2013; Stroh &
Falcone 2013; Falcone et al. 2014). An extensive database is
therefore available.
This paper is organized as follows. In §2 we present the sam-
ple selection criteria, while in §3 we describe the Swift/XRT data
reduction procedures. §4 is devoted to results of our analysis, and
in §5 we describe a possible interpretation of our results within
the SSC framework. Finally, §6 is dedicated to a brief summary
and our main conclusions.
Unless stated otherwise and throughout the whole pa-
per, we adopted cgs units and a flat cosmology with H0 =
72 km s−1 Mpc−1, and ΩΛ = 0.74 (Dunkley et al. 2009). Spec-
tral indices α were defined so that the flux density Sν ∝ ν−α,
considering α < 0.5 as flat spectra. The AllWISE magnitudes in
the [3.4]µm, [4.6]µm, and [12]µm nominal filters are in the Vega
system, and are not corrected for Galactic extinction because this
correction is negligible for Galactic latitudes |b| > 10◦ (see, e.g.,
D’Abrusco et al. 2013).
2. Sample selection
To assess whether the X-ray and γ-ray emission in BZBs is con-
nected, we started by selecting all known Fermi BZBs listed in
the “clean” sample of the Third Catalog of Active Galactic Nu-
clei detected by theFermi-LAT (Ackermann et al. 2015, 3LAC),
and considered only those that belong to the fifth release of the
Roma-BZCat (Massaro et al. 2015a). At this selection step our
sample contained 580 of the original 1151 sources. All BZBs in
2 https://www.Swift.psu.edu/unassociated/
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BZCat have a counterpart in at least one of the main radio sur-
veys (White et al. 1997; Condon et al. 1998; Mauch et al. 2003),
and all selected BZBs are uniquely associated with γ-ray sources
in the 3FGL catalog.
We only included in our sample Swift/XRT observations that
were performed in photon-counting (PC) mode that lay within a
circular region of 6 arcmin angular separation around the BZB γ-
ray positions (431 sources). Our choice of 6 arcmin corresponds
to the average semimajor axis of the positional uncertainty el-
lipse of γ-ray sources listed in the 3FGL (Acero et al. 2015). We
chose only sources with total exposure times of between 1 and
20 ks because those with cumulative exposure times longer than
20 ks are generally pointed as follow-up observations of flaring
states and are not snapshot observations. A similar criterion was
adopted by Mao et al. (2016).
The Swift X-ray campaign of UGSs is performed with a nom-
inal 5 ks exposure time (Stroh & Falcone 2013), implying that
the results achieved for our selected sample are suitable to carry
out a future investigation of UGSs observed with Swift/XRT
(Marchesini et al. 2019, in prep.). Most of the observed fields
have a 5 ks exposure time; the average of our sample is 6.7 ks.
3. Swift/XRT data reduction and analysis
3.1. Data processing
We adopted the same data reduction procedure as described in
Massaro et al. (2008b,a); Paggi et al. (2013); Massaro et al.
(2011d, 2012b). Here we report the basic details and highlight
differences and improvements with respect to our previous anal-
yses.
Raw SWIFT/XRT data were download and reduced to
obtain clean event files with the standard procedures using
the xrtpipeline task, which is part of the Swift X-Ray Tele-
scope Data Analysis Software (XRTDAS, Capalbi et al. 2005),
and the High Energy Astrophysics Science Archive Research
Center (HEASARC) calibration database (CALDB) version
x20180710. In particular, using xselect, we excluded time inter-
vals with count rates exceeding 40 counts per second, and time
intervals where the CCD temperature exceeds -50◦C in regions
located at the CCD edge (D’Elia et al. 2013).
Clean event files were merged using the xselect task, while
corresponding exposure maps were merged with ximage soft-
ware. Figure 1 shows a merged image obtained for the XRT field
associated with 5BZB J2005+7752 as an example of the final
product obtained with our code.
3.2. Source detection and photometry
A first detection run was performed over merged event files us-
ing the DET algorithm in ximage, to obtain pixel positions for
every detection with signal-to-noise ratios (S/N) higher than 3.
Because the exposure times chosen to carry out our investigation
were relatively short, we focused on a photometric analysis.
We ran the SOSTA task available within the XIMAGE pack-
age on the pixel positions obtained from DET. In particular,
SOSTA takes into account the local background for each source
to claim a detection, which achieves a more precise photometry
than the DET algorithm. This was carried out on merged event
files for the full 0.5-10 keV band, and also for the soft (0.5-2
keV) and hard (2-10 keV) bands. Sources detected with SOSTA
all had an S/N between 3 and 25.
We compared the resulting X-ray sources with those listed in
the Swift-XRT point source (1SXPS) catalog (Evans et al. 2014).
Our procedure differs from that of 1SXPS in i) the choice of the
S/N threshold applied to claim a detection, which is S/N>1.6, ii)
the total number of Swift/XRT observations processed (1SXPS
used those up to October 2012, while we reduced those up to De-
cember 2018), and iii) the choice of background regions (whose
shape and size depend on the S/N of the source in 1SXPS). How-
ever, we found that our results agree with the 1SXPS catalog
with differences of only a few percent (i.e., less than 5%) mainly
due to the reasons highlighted above.
Thus, we obtained positions, counts, and count rates for all
sources. We flagged sources with full-band count rates higher
than 0.5 photons per second, indicating the presence of pile-up.
These are 13 sources, all of them with mild pile-up (i.e., with
count rates lower than one photon per second). We then derived
the hardness ratio (HRX) for each source and full-band X-ray
fluxes (FX). The hardness ratio was computed as (H−S)/(H+S),
where H are counts in the hard band (2 to 10 keV) and S those
in the soft band (0.5 to 2 keV). We verified that using counts
or count rates to obtain HRX is equivalent because the exposure
map is not energy dependent in the 0.5-10 keV band. Fluxes were
obtained for each source using PIMMS (Mukai 1993), assum-
ing a power law with a photon index of 2.0 and values of the
Galactic column density values obtained from the LAB Survey
of Galactic HI (Kalberla et al. 2005). The choice of the photon
index affects the estimate of the X-ray flux by a factor of less
than a few percent (Massaro et al. 2011b, 2012c). In Table 1
we report the X-ray data and information available from cross-
matches that were performed with multifrequency archives (see
Section 4.1 for details). In Col. 1 we report the BZCat name, in
Cols. 2 to 4 the total counts and their error for the soft (0.5-2.0
keV), hard (2.0-10 keV), and total (0.5-10 keV) bands, in Cols.
5 to 10 the AllWISE magnitudes and their errors, and in Col. 11
the ratio of the X-ray to radio flux.
4. Results
4.1. X-ray counterparts of γ-ray BL Lac objects
In total, we found 1362 X-ray sources in the 351 BZB fields
we reduced and analyzed. In Figure 2 we show the distribution
of the total exposure times of our final sample, of all observed
fields, considering those with at least one X-ray detection and
those with no X-ray sources above an S/N of 3, separately. In 14
BZBs fields no XRT counterpart was found. All these sources
were observed for a total exposure time shorter than 2.4 ks, with
two exceptions: 5BZB J1458+3720 (5.3 ks) and 5BZB J0434-
2342 (6.8 ks). The first does not show any detection in the XRT
merged observation, and the second shows two X-ray sources at
more than 6 arcmin from the BZB position. There is, however, a
marginal detection with an S/N of 2.8 coincident with the BZB
position. This is also detected in the 1SXPS catalog with an S/N
of 1.9. Both were discarded because no detection above the S/N
threshold of 3 was reported. Thus the lack of X-ray counterparts
for these 14 cases is mainly imputable to our choice of the S/N
threshold combined with short exposure time.
The following cuts were also performed a posteriori:
1. Spurious X-ray detections due to artifacts and bad pixels or
bad columns were discarded.
2. X-ray sources that were detected close ((i.e., closer than 8
arcsec) to a bright source were discarded as artifacts of the
detection algorithm. The only exception was the source with
the highest S/N.
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Fig. 1. X-ray image in the 0.5-10 keV energy range obtained by merging all XRT observations within 6 arcmin measured from the γ-ray position of
5BZB J2005+7752 (left panel) and its corresponding merged exposure map (right panel). The bright source in the center is the X-ray counterpart
of the BZB, marked with the white circle as all other background and foreground X-ray sources. This X-ray image has been built by merging five
observations for an exposure time of 15.9 ks. The image is also smoothed with a Gaussian kernel with a radius of 5 pixels.
Fig. 2. Distribution of the total exposure time for all selected BZBs. The
blue histogram indicates the X-ray merged event files with at least one
X-ray source detected with an S/N greater than 3, while in red we show
those without an X-ray detection.
3. Sources that were clearly extended with respect to the XRT
90% point spread function (PSF) (23 arcsec, Moretti et al.
2004) were discarded.
4. Sources not coincident with the BZB position (i.e., beyond
5.5 arcsec) and with negative counts on either soft and hard
band (defined in Sec. 3.2) were discarded.
5. 5BZB J1104+3812 (also known as Mrk 421), which pre-
sented severe pile-up contamination, was also discarded.
Mrk 421 has been thoroughly studied in γ-rays and X-rays
(e.g., Brinkmann et al. 2005; Isobe et al. 2010; Banerjee et al.
2019; Hervet et al. 2019, and references therein).
6. Two BZBs that lie in the same field within the positional
uncertainty region of the same Fermi source, 3FGL J0323.6-
0109 (i.e., 5BZB J0323-0111 and 5BZB J0323-0108), were
also discarded because of possible source confusion in γ-
rays.
In addition, we also cross-matched the X-ray positions with
the AllWISE catalog with an uncertainty radius of 3.3 arcsec,
following D’Abrusco et al. (2013). All mid-infrared counterparts
were correctly associated with the XRT detections, with two
exceptions: 5BZB J0335-4459 (at 3.8 arcsec) and 5BZB J2131-
2515 (at 3.5 arcsec)3. Because they are the closest WISE sources
and unique matches, we kept these two BZBs in our sample.
Of the 351 Fermi BZBs observed by Swift/XRT for 1 to 20
ks, 337 were detected and 14 were not. In addition, 3 BZBs were
discarded because of pile-up or source confusion. Thus, we built
a clean sample of 334 BZBs with X-ray and mid-infrared coun-
terparts, and a clean sample of 675 background and foreground
X-ray sources lying within an angular separation of 6 arcmin
from the γ-ray position. The flow chart shown in Figure 3 sum-
marizes all our selection steps.
4.2. X-ray properties of γ-ray BL Lac objects
We detected 337 BZBs using XRT data out of the original se-
lected sample of 351 Fermi BZBs. This means that 96% of the
BZB sources listed by Fermi show an X-ray counterpart when
they are observed for more than 1ks. This strongly supports the
existence of a connection between X-rays and γ-rays and cer-
tainly motivates X-ray follow-up observations at least to the level
of the γ-ray flux of our current BZB sample to search for UGS
counterparts (Massaro et al. 2013c).
In Figure 4 we show the distribution of the γ-ray energy flux
in the 100 MeV to 100 GeV band for all Fermi BZBs in our
sample, divided into those for which we found at least one X-
ray counterpart and those for which no XRT counterpart was
detected. We plot the γ-ray flux thresholds above which we
found at least one X-ray counterpart for 100% (Fγ = 1.7 ×
10−11 erg cm−2 s), 98% (Fγ = 7.0 × 10−12 erg cm−2 s), and 96%
(Fγ = 2.9 × 10−12 erg cm−2 s) of the sample. We expect that
these thresholds can be used to find new BZBs among the Fermi
UGSs.
The nominal exposure time used for the UGS XRT follow-
up campaign is 5 ks (Stroh & Falcone 2013). Thus, we verified
the fraction of BZBs that could be detected by rescaling the ex-
posure time to this nominal value. We selected only sources for
which the total (merged) exposure time was longer than 5 ks (222
sources), and then scaled their S/N assuming a Poisson distribu-
tion of the observed count rates. We confirm that 98% of our
3 5BZBJ 1046-2535 was not included because of light contamination
from a nearby star. 5BZB J2108-6637 is the only source for which no
WISE counterpart was found.
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Fig. 3. Flow chart to highlight all steps we followed to build our final
BZBs sample.
selected sample would still be detected at an S/N ratio greater
than 3 with shorter (i.e., 5ks) exposure time.
The HBL versus LBL classification was made following
Maselli et al. (2010), as mentioned in §1. The 1.4 GHz radio
fluxes were taken from BZCat for each source, with the excep-
tion of 5BZB J1326-5256 and 5BZB J1604-4441, for which only
the flux at 4.85 GHz was available. We assumed that the spec-
tral shape of blazars is flat (radio spectral index equal to zero)
at radio frequencies (see, e.g., Healey et al. 2007; Massaro et al.
2013a,d), therefore we considered the 4.85 GHz flux to be equal
to that at 1.4 GHz. Because the XRT band (0.5-10 keV) differs
from that of ROSAT (0.1-2.4 keV), which is the band that was
originally used for this classification, we compared the use of
full-band fluxes adjusted to the ROSAT band assuming a power
law. The HBL and LBL classification is the same using either
of the X-ray flux estimates. Then we adopted full-band XRT
fluxes. In Table 1 we show the full-band XRT-to-radio flux ra-
Fig. 4. Distribution of Fγ in the 100 MeV to 100 GeV band for all 351
BZBs in our selected sample. As in Fig. 2, the blue histogram indicates
the X-ray merged event file with at least one X-ray source detected with
S/N greater than 3, and in red we show those without an X-ray detection.
The solid black line corresponds to the threshold above which 100% of
the selected BZBs has an X-ray counterpart, while the dashed and dot-
dashed black lines mark the 98% and 96% thresholds, respectively.
tio FX/S1.4 instead of ΦXR, so that the limit between classes is
FX/S1.4 > 10−11.
In total, 175 sources out of the total 334 are HBLs, while
the remaining 159 are classified as LBLs. As expected, errors
in HRX and FX for HBL and LBL objects are smaller than
for background or foreground objects because BZBs are gen-
erally one order of magnitude brighter (average flux FX = 3.9 ×
10−12 erg cm−2 s−1) than background or foreground objects (av-
erage flux FX = 2.7 × 10−13 erg cm−2 s−1). On the other hand,
HBLs and LBLs have softer X-ray spectra than background or
foreground objects, which span all the possible HRX values. In
Figure 5 we show FX versus HRX plotted for all detected sources
(i.e., BZBs and background or foreground X-ray objects ). BZBs
are separated into HBLs and LBLs with a color code indicat-
ing their ΦXR value, which extends from green (HBLs) to or-
ange (LBLs), while sources with ΦXR ≈ 1 are marked in yel-
low. The average value for the HRX is HRX = −0.63 ± 0.09
for HBLs and HRX = −0.46 ± 0.16 for LBLs. Sources with
FX > 2.0 × 10−11 erg cm−2 s−1 (indicated with the black solid
line) suffer from pile-up. The HBL and LBL subsamples lie in
different regions, as do background or foreground objects. Inter-
mediate sources (i.e., with ΦXR ≈ 1) lie in between both regions,
as expected. This is also true in all figures shown from this point
on.
To quantify the separation between each subsample in the
FX–HRX space, we performed a kernel density estimation (KDE)
analysis, in order to estimate density thresholds for each subsam-
ple, following D’Abrusco et al. (2009); Laurino et al. (2011);
Massaro et al. (2011a, 2013c); D’Abrusco et al. (2019), and ref-
erences therein. In Figure 6 we show FX versus HRX for back-
ground or foreground objects and for BZBs separated into HBLs
and LBLs, with contours obtained from the KDE analysis for
each subsample at 70%, 80%, and 90% isodensity levels drawn
on the basis of the probability evaluated with the KDE. Although
the subsamples overlap, the overlap is smallest when we con-
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sider a 90% density level. Moreover, HBLs lie in a very distinct
region at all density levels.
From Figures 5 and 6, it follows that the LBL and HBL clas-
sification following Maselli et al. (2010) coincides with our re-
sults obtained through a KDE analysis, with intermediate-type
objects populating the overlapping isodensity area between both
classes. In Figure 7 we also show the distribution of the angular
separation between the X-ray and the γ-ray positions in the same
field. X-ray detected BZBs on average appear to be closer to their
γ-ray counterpart than background X-ray sources in the exam-
ined fields. This is confirmed through a Kolmogorov-Smirnov
test, which yields a negligible chance coincidence probability,
or p-chance p. This implies a low contamination by background
or foreground sources.
Fig. 5. FX in the 0.5-10 keV band vs. HRX for all BZBs in the selected
sample. Background or foreground X-ray sources are marked in gray,
and BZB classified as HBL and as LBL are marked in green and orange,
respectively. The solid black line separates BZBs with pile-up, which
show FX > 2.0 × 10−11 erg cm−2 s−1.
Fig. 6. FX in the 0.5-10 keV band vs. HRX for all BZBs in the selected
sample, same as in Figure 5. We show the 70%, 80%, and 90% iso-
density contours as obtained from a KDE analysis for background or
foreground sources in gray, HBLs in green, and LBLs in orange.
In Figure 8 we report FX versus the WISE mid-infrared mag-
nitude at 12 µm (in the upper panel), and versus the γ-ray en-
Fig. 7. Angular separation between the X-ray and γ-ray position for
all BZBs, in arcminutes. As in Fig. 5, BZBs classified as HBLs and
LBLs are shown in green and orange, respectively, while background or
foreground X-ray sources are shown in gray.
ergy flux in the 100 MeV - 100 GeV band, taken from the
3FGL catalog (in the upper panel). The 12 µm magnitude is
the least affected by Galactic extinction but is still more sensi-
tive than the W4 magnitude at 22 µm (D’Abrusco et al. 2012).
No clear trend is visible in either panel of Figure 8. This is ex-
pected because while γ-rays are dominated by the IC SED com-
ponent, X-rays are due to synchrotron emission in HBLs but
might be a combination of synchrotron and IC components in
LBLs (Bondi et al. 2001; Massaro et al. 2008a). No clear trend
is visible between FX and the γ-ray energy flux. However, we
highlight that because 96% γ-ray BZBs have a counterpart in
the X-rays, this provides a direct link between the BZB emission
in these two energy ranges. We recall that HBLs are on average
an order of magnitude brighter in X-rays than LBLs. The aver-
age FX value is (4.5 ± 3.3) × 10−12 erg cm−2 s−1 for HBLs, and
(4.5 ± 1.9) × 10−13 erg cm−2 s−1 for LBLs. On the other hand,
LBLs are on average 0.6 magnitudes brighter in mid-infrared
than HBLs.
The distinction between HBLs and LBLs becomes clearer
when we compare their X-ray, γ-ray, and mid-infrared spectral
shapes. In Figure 9 we show FX versus the mid-infrared color
computed with WISE magnitudes at 4.6µm and 12µm (upper
panel) and versus the γ-ray spectral index reported in the 3FGL
(lower panel). HBLs are brighter in X-rays and harder in γ-rays
than LBLs (Ghisellini et al. 2010, 2017). In the lower panel of
Figure 9 we also plot the average and median values of these pa-
rameters for both samples, together with their standard deviation
and median absolute deviation, to highlight the clear distinction
between the two subclasses. Although we were unable to estab-
lish a clear trend between fluxes or spectral shapes of BZBs in
the X-ray and γ-ray band, we proved that there is a link between
the emission in these two energy ranges given by the Fermi BZB
high detection rate in the Swift/XRT observations analyzed here.
This is different from what was discovered between radio,
mid-infrared, and γ-ray emission for this class of AGNs, but it is
crucial to support ongoing and future X-ray campaigns searching
for blazars within sample of UGSs as well as for spectroscopic
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Fig. 8. Lower panel: FX in the 0.5-10 keV band vs. the WISE magnitude
at 12 µm for all selected BZBs. Upper panel: FX in the 0.5-10 keV band
vs. the Fγ in the 100 MeV - 100 GeV band, collected from the 3FGL.
BL Lac objects classified as HBLs and LBLs are shown in green and
orange, respectively.
Fig. 9. Upper panel: FX in the 0.5-10 keV band vs. the [4.6]-[12] µm
mid-infrared color. Selected BZBs are classified as HBLs and LBLs
and are marked in green and orange, respectively. Dashed lines indicate
regression lines for LBLs (purple), HBLs (red), and the whole sample
(black). Lower panel: FX in the 0.5-10 keV band vs. the αγ as reported in
the 3FGL. Solid black lines mark the area within one standard deviation
centered on the mean, and solid gray shows the area computed with the
median absolute deviation centered on the median value.
follow-up observations of X-ray sources that lie within the posi-
tional uncertainty region of unassociated Fermi sources.
The previous distinction improves significantly when the
mid-infrared color is used, mainly because it marks the differ-
ence in the synchrotron component between HBLs and LBLs
better. We found a correlation between FX and the [4.6]-[12]µm
WISE color index, with a slope of ∼ −0.32 and a p-chance of
p < 1× 10−7 for the whole sample of BZBs (plotted as the black
line in Figure 9). This is due to the shifting of the whole syn-
chrotron component toward higher energies because X-rays and
infrared trace two different sides of the synchrotron peak. The
trend is clearer for HBLs than for LBLs possibly because the IC
component in the SEDs of the latter subclass might contribute.
The p-chance of both correlations is p ∼ 3.7 × 10−7 for HBLs
(plotted in red) and p ∼ 0.019 for LBLs (plotted in purple), in-
dicating that the second is not statistically significant. In almost
all previous WISE and X-ray combined investigations (see, e.g.,
Maselli et al. 2013), the lack of uniform X-ray datasets did not
allow a comparison of the behavior of HBLs and LBLs, as done
here.
In Figure 10 we show HRX versus the mid-infrared color
and versus the γ-ray spectral index. We note that HBLs tend to
cover a small range of X-ray hardness ratios; they appear to have
softer X-ray spectra than LBLs. The average value for the HRX
is −0.63± 0.09 for HBLs and −0.46± 0.16 for LBLs. The oppo-
site occurs for the γ-ray spectral index and mid-infrared colors,
where HBLs show a wider range of values than LBLs.
Fig. 10. Comparison of the spectral shape for all the BZBs in our sam-
ple. LBLs are shown in orange and HBLs in green. Upper panel: HRX
in the 0.5-10 keV band vs. the [4.6]-[12] µm mid-infrared color. Lower
panel: HRX in the 0.5-10 keV band vs. αγ. In both panels the average
uncertainties on the parameters are shown as crosses in the top right
corner.
Finally, for 77 BZBs a redshift estimate was available in
Roma-BZCat, allowing us to compute their X-ray luminosities
(LX), as shown in Figure 11. HBLs tend to be more luminous
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than LBLs in the X-ray band. This might be due to the redshift
difference, which on average is 0.283 for HBLs and 0.443 for
LBLs. However, we also note that their corresponding γ-ray lu-
minosities (Lγ) are indeed quite similar for the same sample.
Fig. 11. Distribution of LX in the 0.5-10 keV band for the subsample
of 77 BZBs with a well-determined redshift estimate reported in the
Roma-BZCat (Massaro et al. 2015a). As in previous figures, LBLs are
in orange and HBLs in green.
5. Theoretical interpretation
The theoretical connection between synchrotron and IC pro-
cesses in the SSC scenario has previosly been extensively in-
vestigated (see, e.g., Dermer 1995; Bloom & Marscher 1996;
Mastichiadis & Kirk 1997; Dermer & Schlickeiser 2002; Mas-
saro et al. 2006; Tramacere et al. 2011, and references therein).
However, possible observable connections between X-ray and γ-
ray emissions in BZBs are not yet fully exploited, certainly not
on a statistical sample as we analyzed here.
As previously stated, while we carried out this investigation,
we found that HBLs tend to be brighter in the X-rays than LBLs
and cover a wider range of fluxes. On the other hand, LBLs cover
a wide range of HRX, being generally harder than HBLs in the
X-rays. These results suggest that on average HBLs do not vary
their X-ray spectral shape significanlty, but only their total inte-
grated power, and the opposite holds for LBLs.
According to the SSC scenario, we could interpret this as fol-
lows. For LBLs a decrease in synchrotron emission in the X-rays
could be balanced by an increase in IC component. This implies
a certain balance in the total X-ray flux, but a noticeable change
in the spectral shape (i.e., X-ray hardness ratio HRX). On the
other hand, the fact that for HBLs, HRX is restricted to a nar-
row range of values implies that the position of the synchrotron
peak remains constant on average, and that we only observe the
high-energy tail of their synchrotron component in X-rays.
We expect that the HBL behavior in X-rays is consistent with
the theoretical scenario proposed in Massaro et al. (2011c) on
the basis of the acceleration mechanism proposed by Cavaliere
& Morrison (1980). Thus, assuming that the beaming factor of
HBL jets does not vary significantly, as the total number of emit-
ting particles, and following Paggi et al. (2009b), we state that
the frequency of the synchrotron peak scales as νs ∝ γ23pB, where
B is the average magnetic field in the emission region and γ3p
is the peak of the γ n(γ), with n(γ) the particle energy distribu-
tion (see Tramacere et al. 2007, 2011, for details). For HBLs, νs
remains constant on average, implying that γ23pB = const. As-
suming that the IC emission occurs in the Thomson regime, we
expect that the SED peak frequency of the high-energy compo-
nent scales as νic ∝ γ3p νs, thus as γ23p under the circumstances
previously described. On the other hand, the peak height of the
IC component being in general proportional to γ43p B
2 does not
show significant changes if particle energy distribution and mag-
netic field are the main driver of spectral variations (Paggi et al.
2011).
According to Blandford & Znajek (1977) and Cavaliere
& D’Elia (2002), the BZB luminosity should be limited by
the Blandford-Znajek (BZ) limit (Ghosh & Abramowicz 1997;
Tchekhovskoy et al. 2009), defined as LBZ ≤ 8 × 1045 ×(
MBH
109 MSun
)
erg s−1, where MBH is the central black hole mass, and
MSun the mass of the Sun. This condition applies only if the
output can be ascribed solely to the black hole (i.e., in “dry”
sources), which is a useful benchmark to analyze whether accre-
tion is negligible in BZBs (Paggi et al. 2009a).
There is evidence, however, that BZBs might be emitting
more than what can be described within this benchmark alone
(see, e.g., Tavecchio & Ghisellini 2016). In presence of signifi-
cant current accretion, we expect the jet launched from the cen-
tral black hole to be more powerful (Ghisellini et al. 2014), and
thus yielding higher observed luminosities that ultimately ex-
ceed the BZ limit, which instead applies to sources that are only
powered by rotation.
For our sample we found 27 black hole mass estimates, mea-
sured with different methods as reported by Woo et al. (2005);
Plotkin et al. (2011); León-Tavares et al. (2011); Sbarrato et al.
(2012); Shaw et al. (2012); Xiong & Zhang (2014) and Ghis-
ellini & Tavecchio (2015). We used them to compute the ratio of
the sum of LX +Lγ to the BZ luminosity limit. LX was computed
from our data in the 0.5-10 keV band, and Lγ was obtained in
the 100 MeV to 100 GeV band as listed in 3FGL. We adopted
LX + Lγ as an estimate of the bolometric luminosity because at
least one of them is close to the SED peak. Thus, we expect the
ratio to be below 1 if the BZ limit is applicable. In Figure 12 we
plot this ratio versus the position of the rest-frame synchrotron
peak taken from the 3FGL catalog.
It is clear that all HBLs are still below the BZ limit, which
is expected because they are the less bolometrically luminous
type of blazar (Sambruna et al. 1996). In the LBL case, however,
8 out of 12 are above the BZ limit. Although the subsample is
small, this is an indication that the BZ benchmark does not apply
cleanly to the LBL scenario, as it does for HBLs.
An explanation for this discrepancy between the BZ bench-
mark and the observed LBL luminosities might be that these
eight sources are probably not ’dry’ sources as HBLs. Thus their
broadband emission is contaminated by IC scattering of seed
photons arising from surrounding gas and/or the accretion disk
(Abdo et al. 2015; Arsioli & Chang 2018). This is also consistent
with the fact that LBLs are more similar to BZQs, and in these
cases, the accretion component is important. In particular, for all
these cases, Lγ is more than one order of magnitude higher than
the X-ray luminosity, which is a strong indication that emission
in these sources is strongly affected by an external Compton pro-
cess (Arsioli & Chang 2018).
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Fig. 12. Synchrotron peak frequency vs. the ratio between the estimate
of the bolometric luminosity and the BZ luminosity, computed as re-
ported in Section 5. As in previous figures, LBLs are in orange and
HBLs in green. The gray dashed line indicates a luminosity ratio of 1,
below which “dry” BZBs should lie.
6. Summary and conclusions
We characterized the X-ray properties of Fermi BZBs, searching
for a possible connection between X-rays and γ-raysthat could
motivate follow-up X-ray observations to discover new blazar-
like counterparts of UGSs (Stroh & Falcone 2013; Paggi et al.
2013; Massaro et al. 2015b). To achieve our goal, we built a
sample of 351 BZBs listed by Fermi that were observed by the
Swift/XRT telescope in photon-counting mode, with exposure
times between 1 and 20 ks, and collected up to December 2018.
1. Of the 351 Fermi BZBs that were observed by XRT for more
than 1ks, 96% (337) were detected with an S/N greater than
3 (mean S/N ratio of 25). We obtained accurate positions,
counts, count rates, fluxes, and images for all of them in the
soft X-ray band between 0.5 and 10 keV.
2. The BZBs are on average brighter in X-rays than other X-ray
emitting sources that lie outside of the galactic plane (|b| >
10◦). When they are classified as HBLs and LBLs, HBLs are
generally brighter in X-ray flux and cover a wider range of
flux values than LBLs.
3. On the other hand, the spectral shape of LBLs in X-rays is
harder and less uniform than that of HBLs. This might be
due to a more variable spectral shape in the X-ray band: for
HBLs, the X-ray emission is dominated by the synchrotron
process, while for LBLs the IC component is non-negligible.
4. We proved the direct link between the X-ray and γ-ray
emission in BZBs, as supported by the high detection rate
(96%) of their X-ray counterparts. This rate would remain
unchanged even with shorter exposure times (5 ks).
5. The FX and mid-infrared color [4.6]-[12]µm (p < 1 × 10−7)
are correlated. X-ray brighter BZBs are bluer in the mid-
infrared.
6. For a subsample of 77 sources we obtained redshift values
that allowed us to compute distances and luminosities. We
note that HBLs are bolometrically less luminous than LBLs.
7. For 27 sources out of these 77 with a determined redshift,
we also searched for values of the central black hole mass in
the literature. All HBLs are below their BZ limit. However,
some LBLs exceed this limit. We speculate that this indicates
that LBLs may be accreting more gas than HBLs, meaning
that the ’dry’ hypothesis would be valid only in the latter, not
in the former.
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8. Appendix
In this section we include complementary figures. In Figure 13
we show the X-ray full-band flux versus the magnitudes at 3.4
and 4.6 µm from the AllWISE catalog in the upper and lower
panel, respectively. They do not differ from the results in the
main text, as shown in Figure 10. In the same way, we show in
Figure 14 the comparison between the X-ray full-band flux and
the color index [3.4]-[4.6], which is comparable to Figure 11.
Finally, in Figure 15 we show the X-ray hardness ratio versus
the color index [3.4]-[4.6], which follows the same trend as dis-
cussed for Figure 10.
4 http://www.star.bris.ac.uk/m bt/topcat/
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Fig. 13. FX in the 0.5-10 keV band vs. the WISE magnitude estimate at
a nominal wavelength of 3.4 µm (upper panel) and vs. that evaluated at
4.6 µm (lower panel). BZBs classified as LBL are shown in orange and
HBLs are marked in green.
Fig. 14. FX in the 0.5-10 keV band vs. the [3.4]-[4.6] µm mid-infrared
color.
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